Simple Summary: For meat tenderness, single nucleotide polymorphisms (SNPs) in the µ-calpain (CAPN1) and calpastatin (CAST) genes have been reported to be associated with Warner-Bratzler shear force (WBSF) in different cattle populations, including Korean Hanwoo cattle. In this study, we validated the association of seven SNPs in CAPN1 and CAST genes with meat tenderness in two different muscle cuts tenderness in the Longissimus thoracis (LT) and Semimembranosus (SM) muscles. Two SNPs in CAPN1 and one SNPs in CAST genes showed association with WBSF of both muscle types. Furthermore, of twelve reconstructed haplotypes, six demonstrated significant associations with WBSF values. These findings may be one of the strong evidences that CAPN1 and CAST gene mutations are strongly associated with WBSF. The information of significantly-associated SNPs and the resulted haplotypes could be utilized in the Hanwoo breeding program for further genetic improvement of tenderness traits.
Introduction
Tenderness is an important meat quality determinant in the beef industry, as consumers are willing to pay more for lean and tender meat [1] . Meat tenderness, the most highly researched palatability characteristic, is influenced by multiple factors, including marbling, juiciness, and flavor [2] . Compared to past trends, Korean consumers currently prefer highly marbled meat and exhibit a strong willingness to purchase tender meat that promotes the utilization of a system that ensures high-quality meat production [3] . To identify reliable gene markers that explain the large genetic and phenotypic variations in beef tenderness, an association analysis is required to validate previously tested gene markers and their subsequent effects in a large independent reference population [4] . For meat tenderness, SNPs in the CAPN1 and CAST genes have been reported to be associated with WBSF in several cattle breeds [5] [6] [7] [8] .
CAPN1/CAST is an endogenous calcium-dependent proteinase system that mediates the proteolysis of key myofibrillar proteins during the postmortem storage of carcasses and cuts of meat at refrigerated temperatures. CAPN1 is responsible for the breakdown of myofibrillar proteins and is associated with meat tenderness [9] . CAST inhibits µand m-calpain activity, which regulates postmortem proteolysis. The effects of DNA markers on these genes have been validated in many temperate breeds, tropical-adapted zebu, and tropical composites [4, [10] [11] [12] . Genetic tests for meat tenderness that utilize SNPs in CAST and CAPN1 have already been commercialized by Igenity TenderGENE (Merial Ltd., Atlanta, GA, USA) and GeneSTAR Elite Tender (Genetic Solutions Pty. Ltd., Brisbane, Australia). In addition, seven SNPs in CAPN1-CAST systems affecting meat tenderness were also identified in Hanwoo cattle [13] . However, the resulting effects of these gene markers need to be validated in a large reference population in order to commercialize a palatability prediction system. In this study, we validated the association of seven SNPs in CAPN1 and CAST genes with meat tenderness in two different muscle cuts (LT and SM) in Hanwoo steers.
Materials and Methods

Animal and Phenotype Measurement
To validate CAPN1-CAST SNP effect, the DNA and Phenotypes datasets (n = 1000) was derived from samples collected from the Daegwallyeong Hanwoo Co. abattoir (Gangwon province, Korea). Animal Care and Use Committee approval was obtained for this study based on instructions for animal health and welfare outlined by the National Institute of Animal Science, Rural Development Administration (RDA), Korea. Management and feeding system were similar for the studied population. Calves weaned at 5 or 6 month and individuals were transferred by 10 per each pen. All calves were freely fed with a growing ration that consisted of hay and concentrate mixtures from 6 to 11 month of age. The percentage of TDN and CP were 70% and 15%, respectively. After that, steers were fed differently between early fattening period (12-15 mo), middle fattening period (16-21 mo) and final fattening period (22-29 mo). Individuals received concentrates and a rice straw-based ration with proportion in total feed of 2.5:1, 4.5:1 and 8:1 for each fattening period. Percentages of CP and TDN of the concentrates were 14% and 71%, 13% and 72% and 12% and 73%, respectively. All steers were slaughtered at 30 months of age and muscle samples (1.5 kg) were collected from the Longissimus thoracis (LT) and Semimembranosus (SM) muscles to measure Warner-Bratzler WBSF (WBSF) values. This half sib steer population (n = 1000) was derived from 120 progeny tested bulls and unrelated dams (2-10 progeny per bull). The WBSF values of two cooked steaks (LT and SM at 7 days post-slaughter) was measured according to the method of Wheeler et al. [14] . Steaks of 2.5 cm with an~80 g weight were put into polyethylene bags. The bags were heated in a water bath at 80 • C for 30 min until the internal temperature of the steak reached 70 • C. After cooking, the meat samples were gradually cooled at room temperature for 30 min. Then, 1.27-cm diameter cores were removed from each meat steak parallel to the muscle fiber. WBSF values were measured with a Warner-Bratzler shear force attachment on an Instron Universal Testing machine (Instron Corporation, Canton, MA, USA). The operating parameters: load cell, 50 kg and crosshead speed, 200 mm/min. The summary statistics for the WBSFs of the two muscles are described in Table 1 . 
Genotyping
Three SNPs in bovine CAST and four SNPs in bovine CAPN1 were genotyped using TaqMan SNP genotyping arrays designed by Applied Biosystems (LSK, Seoul, Korea) with a Bio-Rad real-time PCR [13] . Detailed information on the locations and positions of the markers is provided in Tables S1 and S2. The CAPN1:c.948G>C, which has a high LD relationship with CAPN1:c.580T>C, marker is included in commercial test panel of the Australian GeneSTAR tenderness [10] . The linkage disequilibrium (LD) and haplotype structure for four significant SNPs within the CAPN1 gene were investigated in this study. The haplotypes for the 4 significant SNPs in the CAPN1 gene were reconstructed using default parameters in PHASE and inspected by means of Heatmap plots obtained with Haploview to visualize recombination events and to define the length of haplotypes [15, 16] .
Statistical Analyses
A single-marker regression analysis was used to test for associations between the SNPs and WBSF values. Markers were assumed to be in linkage disequilibrium with quantitative trait loci in close proximity, and additive effects were evaluated. Statistical analyses were performed in ASReml [17] . To test for an association between each marker and the WBSF in different muscles, the following linear mixed regression model was utilized:
where Y ijklm is the WBSF in different muscles, µ is a vector of the overall mean, CG i is a vector of the contemporary group for birth year, season, slaughter year, and birth place, b 1 is a regression coefficient, Sage j is a vector of the age of slaughter as a covariate effect, b 2 is a vector of Intramuscular fat (IMF) contents as a covariate, SNP l is a single-locus SNP genotype coded as 0, 1, and 2 as a covariate, a m is a vector of random polygenic effect ∼ N(0, Aσ 2 a ); and e ijklm is a vector of random residual ∼ N(0, Iσ 2 e ). The same statistical model was used for a haplotype association analysis. The percentage of the genetic variation explained by each significant SNP was calculated using the following formula [18] .
where p i and q i are the allele frequencies for the ith SNP estimated for the Hanwoo population, a 2 i is the estimated additive effect of the ith SNP on the WBSF phenotypes at different muscle (LT and SM), and σ 2 g is the REML estimate of the polygenic variance in WBSF at different muscle (LT and SM) in the commercial population.
Results and Discussion
The genotype and allele frequencies of selected seven SNPs from CAPN1 and CAST genes are presented in Table S3 . The estimated allele frequencies for each marker of this study differed largely with the previous findings of [13] .
This dissimilarity might be due to the three times larger sample size included in the present study than previous study. We identified a strong association between the SNP markers and WBSFs in the two muscles; the results are summarized in Table 2 . Interestingly, significant effects of CAST:c.1985G>C, CAPN1:c.580T>C and CAPN1:c.658T>C (p < 0.05) on the WBSF of both muscle types were observed. SNP variants of CAPN1 have been reported to be associated with B. taurus-oriented crossbred populations [18, 19] and a diverse genetic background consisting of B. taurus, B. indicus, and their reciprocal crossbreds [6, 20] . These findings support our results, despite the variation in the SNP location observed across cattle populations. For example, the significantly associated CAPN1:c.948G>C SNP in the LT of B. taurus cattle [20] demonstrated insignificant associations in Hanwoo cattle that exhibited breed or population-specific SNP associations for this gene. In addition, the lack of association for all SNPs identified in our previous study of Hanwoo cattle [13] compared to our present results might be due to differences in the allele frequencies and sources of investigated samples (Table S3 ). In this study, we found CAPN1 and CAST gene mutation to have significant effects on the WBSF measured in both muscles of Hanwoo, as shown in the previous study [6] [7] [8] . These findings may be one of the strong evidences that CAPN1 and CAST gene mutations are strongly associated with WBSF across breeds.
Additive effects of the C allele of CAST:c.1985G>C and CAPN1:c.580T>C were associated with an increase of 0.15 and 0.16 kg WBSF, and of 0.26 and 0.08 kg WBSF in the LT and SM, respectively. Conversely, CAPN1:c.658T>C exhibited a negative effect on the WBSF in both muscle types ( Table 2) . The other CAPN1:c.948G>C SNP marker exhibited insignificant effects on WBSF, despite its strong linkage disequilibrium with the CAPN1:c.580T>C marker, which is the most significant marker associated with WBSFs in the LT and SM ( Figure 1A) . CAPN1:c.948G>C was referred to as CAPN316, which has been observed to be associated with WBSF in several studies [5, 11, 19] .
In our study, twelve possible haplotypes were reconstructed for association analyses of CAPN1 polymorphisms with WBSF; the results are presented in Figure 1B . Haplotype TTCT had the highest frequency (27%), followed by CTGT (19%), TCGT (15%), and CTGC (12%), while the other eight haplotypes (TCCC, TTGC, TTCC, TCGC, TTGT, CCGC, TCCT, and CCGT) had a frequency of 2% to 6%. Among them, six haplotypes had significant effects (p < 0.05) on WBSF. The second most frequent haplotype, CTGT (19%), increased the WBSF to 0.09 (p < 0.01) and 0.10 kg (p < 0.05) in the LT and SM, respectively ( Figure 1C ). However, haplotype TCGT (15% frequency) exhibited negative effects on WBSF to −0.09 (p < 0.01) and −0.12 (p < 0.05). These results correspond to the single marker analysis results that CAPN1:c.580T>C had a positive effect on WBSF and CAPN1:c.658T>C had a negative effect. Haplotype TCGC only showed significant effects on the WBSF in the LT, while three other haplotypes (CTGC, TCCC, and TCCT) had significant effects on WBSFs in the SM. The most significant effect (p < 0.001) was observed for haplotype TCCT, which decreased the WBSF in the SM to −0.39 kg. While two variants (CAPN1:c.580T>C, CAPN1:c.658T>C) exhibited significant effects on both muscle types, the affected muscle types seem to have changed depending on the haplotype structures. Interestingly, haplotype TCCC observed at a low frequency (2%) in the Hanwoo population had a beneficial effect (+0.35 kg) on the SM. The haplotype structure could change the effect of a single marker because the results were the opposite of the single marker analysis. The most frequent haplotype (TTCT) had insignificant effects on WBSF. In the future, the significant haplotype associations identified in our study can be utilized to resolve the issue reported in a previous study [13] , in which no significant haplotype associations for CAPN1 in Hanwoo cattle were observed. The haplotype analysis provided more explicit results compared to a single SNP found in a particular region of the genome. (Barendse, 2011) reported that the haplotypes accounted for 80% more phenotypic variance than individual SNP in ADIPOQ, CAPN1, CXCR4, CEBPA and FASN; this evidence of a robust association with intramuscular fat content, compared to single SNP analyses of B. taurus [21] . In some previous studies, no CAPN1-CAST markers were found to be associated with the WBSFs and causal effects in different populations [4, 6, 22, 23] . During the validation phase, marker effectiveness may not be equal across populations, despite commercialization of the used markers. An unmatched validation study could result from SNP frequency variation, differences in marker-causative mutation linkage phases, genetic-by-nature interactions or epistasis, as well as sample size effects and the trait measurement method [22] . Above all, single-marker associations have been utilized in various livestock studies and have commercial impact on the improvement of meat quality traits. The significantly associated SNPs found in our study could be utilized for genetic improvement of the tenderness trait in Hanwoo populations, and thereby assist in the establishment of a beef palatability prediction system in Korea. In some previous studies, no CAPN1-CAST markers were found to be associated with the WBSFs and causal effects in different populations [4, 6, 22, 23] . During the validation phase, marker effectiveness may not be equal across populations, despite commercialization of the used markers. An unmatched validation study could result from SNP frequency variation, differences in markercausative mutation linkage phases, genetic-by-nature interactions or epistasis, as well as sample size effects and the trait measurement method [22] . Above all, single-marker associations have been utilized in various livestock studies and have commercial impact on the improvement of meat quality traits. The significantly associated SNPs found in our study could be utilized for genetic improvement of the tenderness trait in Hanwoo populations, and thereby assist in the establishment of a beef palatability prediction system in Korea. 
Conclusions
The present independent validation study confirmed the association of CAPN1 and CAST with WBSF in LT and SM muscles from Korean Hanwoo cattle. The information of significantly associated SNPs and the resulted haplotypes could be utilized in Hanwoo breeding program for further genetic improvement of tenderness traits. For the confirmed associations, additional studies are encouraged to utilize these SNPs in marker-assisted selection programs.
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